Mitochondrial dysfunction and release of pro-apoptotic factors such as cytochrome c or apoptosis-inducing factor (AIF) from mitochondria are key features of neuronal cell death. The precise mechanisms of how these proteins are released from mitochondria and their particular role in neuronal cell death signaling are however largely unknown. Here, we demonstrate by fluorescence video microscopy that 8-10 h after induction of glutamate toxicity, AIF rapidly translocates from mitochondria to the nucleus and induces nuclear fragmentation and cell death within only a few minutes. This markedly fast translocation of AIF to the nucleus is preceded by increasing translocation of the pro-apoptotic bcl-2 family member Bid (BH3-interacting domain death agonist) to mitochondria, perinuclear accumulation of Bid-loaded mitochondria, and loss of mitochondrial membrane integrity. A small molecule Bid inhibitor preserved mitochondrial membrane potential, prevented nuclear translocation of AIF, and abrogated glutamate-induced neuronal cell death, as shown by experiments using Bid small interfering RNA (siRNA). Cell death induced by truncated Bid was inhibited by AIF siRNA, indicating that caspase-independent AIF signaling is the main pathway through which Bid mediates cell death. This was further supported by experiments showing that although caspase-3 was activated, specific caspase-3 inhibition did not protect neuronal cells against glutamate toxicity. In conclusion, Bid-mediated mitochondrial release of AIF followed by rapid nuclear translocation is a major mechanism of glutamate-induced neuronal death. Progressive degeneration and death of neurons are the major features of several acute and chronic neurodegenerative diseases such as ischemic stroke, Alzheimer's disease, or Parkinson's disease. 1 The main mechanisms of neuronal cell death are, for example, disturbed calcium homeostasis, oxidative stress, breakdown of the mitochondrial membrane potential, and release of mitochondrial factors that initiate downstream apoptotic cell death programs.
Progressive degeneration and death of neurons are the major features of several acute and chronic neurodegenerative diseases such as ischemic stroke, Alzheimer's disease, or Parkinson's disease. 1 The main mechanisms of neuronal cell death are, for example, disturbed calcium homeostasis, oxidative stress, breakdown of the mitochondrial membrane potential, and release of mitochondrial factors that initiate downstream apoptotic cell death programs. 2 In particular, mitochondrial membrane permeabilization is considered as a critical step for the release of pro-apoptotic proteins such as cytochrome c, Smac/Diablo (second mitochondria-derived activator of caspase/direct IAP binding protein with low pI), HtrA2/Omi, apoptosis-inducing factor (AIF), or endonuclease G, which trigger caspase-dependent or caspase-independent mechanisms of DNA degradation and cell death. 3, 4 An increasing number of recent studies provide evidence that AIF is a major factor for an alternative post-mitochondrial cell death pathway, for example, following hypoxia, 5, 6 ischemia, 7, 8 or excitotoxic lesions. 9, 10 AIF is a 63 kDa flavoprotein located at the inner mitochondrial membrane that is released early after oxygen-glucose deprivation in vitro or cerebral ischemia in vivo. 7 Using harlequin (Hq) mutant mice expressing low AIF levels and small interfering RNA (siRNA) approaches, we recently demonstrated a causal role of AIF in neuronal cell death in models of ischemic stroke in adult rodents 8 and neonatal hypoxia. 6 In these studies, we found that nuclear translocation of AIF correlated well with DNA damage and progression of infarct development. Furthermore, AIF downregulation in mutant mice and by AIF siRNA significantly reduced neuronal damage in models of ischemic stroke in vivo and in vitro, respectively.
Despite this prominent role of AIF in neuronal cell death signaling, upstream mechanisms of AIF release from mitochondria are poorly defined. Although previous studies from our and other laboratories had suggested a particular role of poly-(ADP-ribose)-polymerase-1 (PARP) 8, 11, 12 and calpain-1 13 in the release of AIF from mitochondria, the immediate upstream mechanisms of mitochondrial AIF release and, in particular, the role of pro-apoptotic bcl-2 family members are not well understood. Our previous studies demonstrated a significant involvement of Bid (BH3-interacting domain death agonist), a pro-apoptotic bcl-2 family protein, in ischemic brain injury 14 and a pronounced protective effect of pharmacological Bid inhibitors in models of neuronal cell death in vitro. Very similar neuroprotective effects were observed in mutant Hq mice or by AIF siRNA, 8 suggesting a link between proapoptotic Bid activities and AIF release from mitochondria. In the present study, we therefore investigated the potential role of Bid in mitochondrial release of AIF during excitotoxic neuronal cell death in more detail.
Results
Bid gene silencing and Bid inhibition attenuate glutamate neurotoxicity. Significant (60-80%) glutamateinduced cell death occurs in immortalized mouse hippocampal neurons (HT-22) in a concentration-dependent manner ( Figure 1a) . Bid translocated to mitochondria within 5 h after the onset of glutamate challenge (Figure 1b) . Bid siRNA specifically reduced Bid expression by 480% (Figure 1c ) and significantly attenuated glutamate-induced cell death (Figure 1d ). In addition to the siRNA approach, the specific Bid inhibitor BI-6C9 (Sigma, Taufkirchen, Germany) 15, 16 was applied to confirm the essential role of Bid in glutamate-induced neuronal death. HT-22 neurons exposed to glutamate for 17 h show typical morphology of dying cells: the neuronal cells appear shrunken and rounded and detached from the culture dish (Figure 2a ). HT-22 cells pretreated with the Bid inhibitor BI-6C9 preserved their normal spindle-shaped morphology and were completely rescued from glutamate-induced cell death (Figure 2a) . Fluorescent-activated cell sorting (FACS) analysis of fluorescein isothiocyanate (FITC)-annexin-V-stained HT-22 neurons confirmed the pronounced protective effect of the Bid inhibitor against glutamate-induced cell death (Figure 2b ). Bid inhibition-related neuroprotection was associated with a lack of Bid translocation to the mitochondria as shown in experiments using the pDsRed2-Bid vector and Mito-green fluorescent protein (GFP) cotransfections (Figure 2c ) or Mitotracker Green staining (not shown), indicating that Bid translocation is essential for neuronal cell death. In addition, the Bid inhibitor prevented the perinuclear accumulation of mitochondria in glutamatetreated cells (Figure 2c ).
Concomitant detection of propidium iodide (PI) revealed that less than 9.5±1.7% of the glutamate-treated cells were PI positive versus 5.4 ± 0.6% in the controls, suggesting that most HT-22 cells exposed apoptotic and not necrotic features after glutamate exposure (data not shown). Strikingly, morphological analysis and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay revealed that the Bid inhibitor BI-6C9 significantly rescued HT-22 neurons even when applied up to 8 h after glutamate exposure, suggesting that Bid-mediated cell death depends on sustained Bid activation with a remarkable time window (Supplementary Figure 1) .
The specificity of BI-6C9 in the presently used culture system was confirmed in HT-22 neurons transfected with a truncated Bid (tBid) expression vector. Expression of tBid in HT-22 neurons reduced cell viability by approximately 40%, whereas cells pretreated with the Bid inhibitor were significantly protected from tBid-induced cell death (Supplementary Figure 2) . It is important to note that the percentage of cell death detected in tBid-transfected HT-22 neurons corresponds well with the transfection efficiency achieved with the current protocol for DNA vector transfection (45±3-51±1%), indicating that pharmacological inhibition of tBid translocation to the mitochondria rescued all transfected neurons.
Glutamate induces Bid-dependent mitochondrial depolarization. Glutamate treatment caused a significant loss of 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolylcarbocyanine iodide (JC-1) red fluorescence, that is, loss of mitochondrial membrane potential after glutamate treatment within 6-12 h (Figure 3) . In parallel experiments, carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used as a positive control to induce mitochondrial membrane depolarization (Figure 3c ). The Bid inhibitor BI-6C9 significantly prevented glutamate-induced breakdown of the mitochondrial membrane potential, suggesting that the Bid inhibitor significantly prevented Bid translocation to the mitochondria and consequently prevented glutamateinduced breakdown of the mitochondrial membrane potential in HT-22 neurons (Figures 2c and 3 ). In addition, protection of the mitochondrial membrane potential was confirmed by Bid siRNA, which significantly attenuated the loss of JC-1 red fluorescence compared with nonfunctional Mut siRNA after the glutamate challenge (Figure 3d ).
Caspase activation is not required for glutamate neurotoxicity. After Bid activation, subsequent mitochondrial membrane permeabilization may trigger both caspasedependent and caspase-independent execution of cell death through the release of cytochrome c and apoptosome formation or AIF, respectively. 2 Measurements of caspase-3 activity indeed revealed moderate caspase-3 activation after exposure of HT-22 neurons to glutamate and this activation was completely blocked by Bid inhibition (Figure 4a ). Similar inhibition of caspase-3 activity was also achieved with the membrane-permeable general caspase inhibitor Z-VAD-FMK ( Figure 4b) ; however, this treatment did not affect glutamateinduced cell death (Figure 4c ). These data therefore suggest that caspase-3 activation occurs after glutamate exposure in HT-22 neurons but is not required for execution of the cell death program. It is interesting to note that respective inhibitors of caspase-8 (IETD-fmk, 10-50 mM; Supplementary Figure 3) , caspase-2 (Z-VDVAD, 5-50 mM), calpain (calpastatin, 0.5-5 mM after preincubation with equimolar amounts of activated penetratin-1), or cathepsins (E-64-d, 10-50 mM) also did not prevent glutamate-induced cell death in HT-22 neurons. In addition, caspase-8 activity was not altered after glutamate challenge, suggesting that this prominent pathway of Bid activation was not involved in the present model system (not shown).
Bid-induced neurotoxicity is mediated by AIF. The current failure of caspase inhibitors to prevent HT-22 cell death further supports our recent data demonstrating a major role for AIF in glutamate-induced neuronal cell death. 8, 16 To evaluate the specific role of Bid in mitochondrial AIF release and subsequent nuclear translocation, we exposed HT-22 neurons expressing AIF-GFP fusion protein to glutamate and analyzed AIF translocation to the nucleus in the presence or absence of the Bid inhibitor. Confocal microscopy time-lapse recordings taken every 5 min over a period of 18 h after glutamate exposure revealed that mitochondria containing AIF-GFP fusion protein accumulated around the nucleus within 8-10 h after the onset of apoptotic challenge. Accumulation of mitochondria around the nucleus was followed by a rapid release of AIF into the nucleus within less than 15 min (Supplementary Movie). This very close temporal relationship between nuclear AIF translocation and cell death points to a crucial role of AIF in the cell death process and suggests that AIF is one of the final steps in caspase-independent cell death signaling. The Bid inhibitor BI-6C9 blocked glutamate-induced translocation of endogenous and GFP-linked AIF as detected by confocal microscopy ( Figure 5a western blot analysis of nuclear protein extracts (Figure 5b) . Furthermore, the involvement of Bid in endogenous AIF translocation to the nucleus was verified by using Bid siRNA. Western blot analysis confirmed that Bid siRNA prevented AIF translocation to the nucleus after glutamate challenge ( Figure 5c ). The potential role of AIF in the execution of cell death downstream of Bid-mediated mitochondrial demise was further addressed by a gene silencing approach. AIF siRNA reduced AIF mRNA and protein levels ( Figure 6a ) and significantly attenuated glutamate-induced cell death in HT-22 cells (Figure 6b ). Most intriguingly, we found that AIF siRNA prevented tBid-induced cell death in HT-22 neurons (Figure 6c ), demonstrating that tBid-induced neurotoxicity is mediated by AIF. Taken together, these findings demonstrate that Bid is responsible for mitochondrial AIF release and induces caspase-independent execution of neuronal cell death. 
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Discussion
The present study demonstrates a key role for the proapoptotic bcl-2 family protein Bid in mitochondrial membrane permeabilization and the subsequent nuclear translocation of AIF in HT-22 neurons exposed to lethal glutamate concentrations. The glutamate challenge induced translocation of Bid to mitochondria, followed by mitochondrial membrane depolarization and AIF release to the nucleus rapidly followed by nuclear pyknosis and disintegration of the cell membrane, that is, cell death. The pharmacological Bid inhibitor BI-6C9 and siRNA-mediated gene silencing both significantly prevented mitochondrial Bid translocation, migration of AIF to the nucleus, and, hence, glutamate-induced cell death. These findings are corroborated by findings in primary neurons, as mitochondrial cell death pathways are key mechanisms in various models of neuronal cell death, including related models of glutamate-mediated excitotoxicity. In particular, recent data established a pivotal role for Bid upstream of mitochondrial demise in neuronal cell death. 17 In addition to pro-apoptotic Bid activation by caspase-8-mediated cleavage to tBid and subsequent translocation from the cytosol to mitochondria in death receptor-mediated cell death, more recent data suggest a role for full-length Bid in caspase-independent apoptosis. [18] [19] [20] In these studies in primary cultured neurons, translocation of full-length Bid to mitochondria following exposure to glutamate coincided with a collapse of the mitochondrial membrane potential. [18] [19] [20] How full-length Bid is activated to mediate mitochondrial demise is currently unknown. Beyond potential interactions with Bax (Bcl-2-associated X protein) or Bak (Bcl-2 antagonist killer) to form mitochondrial outer membrane pores that allow the unspecific release of a whole series of mitochondrial proteins, for example cytochrome c, Smac/Diablo, or AIF, Bid may affect mitochondrial morphology by increasing mitochondrial fission or alterations in mitochondrial cristae organization. 21, 22 In addition, PARP, another pro-apoptotic factor that has been linked to mitochondrial demise and AIF translocation to the nucleus in neuronal cell death, 8, 11, 12 may complement the presently investigated Bid-dependent mechanisms as PARP inhibition also prevents AIF-dependent neuronal death. 8, 11 To the best of our knowledge, however, an interaction between Bid and PARP in mitochondrial cell death pathways has not been elucidated yet. These and other so far not defined activities of mitochondrial Bid may explain the apparent delay between Bid accumulation in mitochondria and the observed mitochondrial morphological changes, perinuclear accumulation, and AIF release after the glutamate challenge in HT-22 cells.
Here, we demonstrate that pharmacological Bid inhibition prevents the translocation of Bid to mitochondria and the proapoptotic activity of tBid as well as the subsequent loss of mitochondrial membrane potential and AIF-induced nuclear fragmentation. In line with earlier studies in HeLa cells and isolated mitochondria 15, 16 the specificity of the Bid inhibitor was confirmed in tBid-transfected HT-22 cells (Supplementary Figure 2 ). The causal role of Bid in the current paradigm was further confirmed in parallel experiments using Bid siRNA, which also prevented AIF translocation and glutamate-induced cell death, findings corroborated by pharmacological inhibition of Bid (Supplementary Figure 4) . In addition, our parallel experiments in primary cultured neurons demonstrated pronounced neuroprotective effects of different Bid inhibitors in models of glutamate-induced apoptosis 16 or oxygen-glucose deprivation. 8 In both models of neuronal cell death, activation of glutamate receptors mediates a rapid increase in intracellular calcium levels and an excitotoxic death program that involves the formation of reactive oxygen species, permeabilization of the mitochondrial membrane, and mitochondrial release of AIF. 8, 16 It is therefore concluded that Bid plays a key role in neuronal cell death induced by excitotoxic stimuli and oxidative stress, which have both been associated with a wide variety of neurodegenerative conditions following acute brain injury by cerebral ischemia or brain trauma as well as chronic neurodegenerative diseases, such as Alzheimer's disease. 2 It is interesting to note that similar to glutamate toxicity, pharmacological inhibition of Bid also prevented AIF translocation and cell death following exposure to amyloid-beta (Supplementary Figure 6) . These findings suggest that Bid-induced AIF-mediated cell death signaling is not confined to glutamate toxicity alone but also present in other cell death paradigms.
The relevance of the current data on the key role for Bid in neuronal cell death in vitro is further underlined by recent data obtained in in vivo models of cerebral ischemia 14, 23 and brain trauma. 24 In both models of acute brain injury, Bid cleavage has been detected after the respective insults, and knockout of the Bid gene resulted in significant cerebroprotective effects compared with wild-type animals. Therefore, the understanding of Bid-dependent cell death mechanisms is of utmost importance, and the presently used Bid inhibitors may emerge as promising lead structures for neuroprotective drugs in the treatment of neurodegenerative diseases. The second important aspect of the present study addresses the role of AIF in mediating caspase-independent cell death downstream of Bid activation. It has been well established that mitochondrial membrane permeabilization results in the release of pro-apoptotic factors such as cytochrome c, Smac/Diablo, Omi/HtrA2, and AIF, which may execute cell death through caspase-dependent or caspase-independent mechanisms. For example, formation of the apoptosome by cytochrome c, Apaf-1, and procaspase-9 and downstream catalytic activation of executor caspases (caspase-3, -6, or -7) are widely established mechanisms of caspase-dependent cell death execution downstream of mitochondrial damage in many cells, including neurons. Here, we detected caspase-3 activation downstream of Bid, suggesting that this pathway may also play a role in neuronal cell death in the present model. Caspase-3 inhibition alone, however, did not prevent glutamate-induced cell death (Figure 4) . Because other signs of executor caspase activation, for example, cleavage of a-fodrin or lamin, were also not detected (data not shown), our data strongly suggest a major role for caspase-independent cell death downstream of mitochondrial membrane permeabilization. Using an AIF-GFP construct, we found mitochondrial release of AIF and translocation to the nucleus, which occurred around 8-10 h after the onset of glutamate exposure. Time-lapse video recordings revealed that the time point of massive AIF translocation to the nucleus may vary from cell to cell around 8-12 h after the insult, but once started, the AIF translocation occurs within 15 min and is followed by rapid nuclear condensation and cellular fragmentation (Supplementary Movie). This is, to our knowledge, the first time that the kinetics of AIF-mediated cell death has been recorded in living cells. After hours of increasing Bid translocation to the mitochondria and perinuclear accumulation of Bid-loaded mitochondria, the final execution of cell death by the released AIF takes only a few minutes. The markedly fast kinetics of AIF translocation into the nucleus once released from the mitochondria further exposes the unique role of AIF downstream of mitochondrial demise to mediate cell death independent of other established execution mechanisms of intrinsic cell death pathways, such as apoptosome formation and activation of caspase-3. Furthermore, AIF siRNA significantly attenuated glutamate-induced neurotoxicity in HT-22 cells (Figure 6a and b) and in primary neurons; 16 most intriguingly, AIF siRNA also prevented tBid-induced cell death in HT-22 neurons (Figure 6c ), clearly demonstrating that Bid neurotoxicity is predominantly mediated by mitochondrial AIF release and hence caspase-independent cell death pathways.
The present findings are in accordance with recent data where we and others demonstrated a key role for AIF in delayed neuronal cell death after excitotoxic or hypoxia/ ischemia insults in vitro and in vivo. 6, 8, 9 Furthermore, these results propose that the release of pro-apoptotic factors is a coordinated process where the release of a particular apoptotic factor and its role in the execution of apoptosis also depends on the stress challenge and the pathway to mitochondrial damage. The present model of glutamate toxicity in HT-22 neurons features Bid-mediated mitochondrial membrane permeabilization and release of AIF, whereas activation of Bid and AIF release were not required for staurosporine (STS)-induced apoptosis (Supplementary Figure 5) , which is consistent with previous reports. 25, 26 Similar differences between mitochondrial proteins regarding their release and involvement in neuronal death were detected after cerebral ischemia in vivo, where early AIF release from the mitochondria correlated well with the progression of DNA damage and nuclear pyknosis in neurons whereas cytochrome c release and activation of caspases were detected as a later event, less frequently and in different cells than the AIF translocation. 7 In summary, our data link enhanced Bid activation to mitochondrial AIF release and caspase-independent execution of neuronal cell death, which are both key features in delayed neuronal cell death after excitotoxic or ischemic insults in models of stroke, epilepsy, and brain trauma. Therefore, Bid emerges as a promising target for therapeutic approaches that prevent mitochondrial damage after neuronal injury.
Materials and Methods
Cell culture and induction of neuronal cell death. HT-22 cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Karlsruhe, Germany) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine. Glutamate (1-4 mM) or STS (300 nM) was added to the serum-containing medium, and cell viability was evaluated 17-20 h later.
Plasmids and gene transfer. Plasmid pCDNA 3.1 þ was obtained from Invitrogen. The mouse AIF-GFP fusion protein vector (mAIF_pd2EGFP-N1) was derived from a pd2pEGFP-N1 vector (Clontech, Palo Alto, CA, USA) and an AIFexpressing vector (pcDNA3.1_mAIF, a kind gift of S Susin, CNRS, Paris, France). The tBid vector and control vectors were generated as described previously. 27 The plasmid pDsRed2-Bid for expression of DsRed fused to the C-terminus of Bid to allow translocation analyses of full-length Bid and tBid was derived from Clontech. Plasmid transfections of 8 Â 10 4 HT-22 cells seeded in 24-well plates were performed in antibiotic-free growth medium using Lipofectamine 2000 (Invitrogen). Controls were treated with 100 ml/ml Optimem only and vehicle controls with 1.5 ml/ml Lipofectamine 2000.
Immunostaining and confocal laser scanning microscopy. For (immuno)fluorescence analyses, HT-22 cells were seeded in collagen A-coated Ibitreat m-slide eight-well plates (Ibidi, Munich, Germany) at a density of 1 Â 10 4 cells/well. Mitochondria were stained with MitoTracker Green according to the manufacturer's protocol (Invitrogen) or visualized by co-transfection with a mitochondria-targeted GFP construct as described previously. 28 End-point pictures were taken after fixation with 4% paraformaldehyde and 4 0 ,6-diamidino-2 0 -phenylindole-dihydrochloride counterstaining of the nuclei between 5 and 17 h after the onset of treatment. Images were acquired using a confocal laser scanning microscope (LSM 510, Carl Zeiss, Jena, Germany) equipped with a UV, an argon, and a helium/neon laser delivering light at 364, 488, and 543 nm, respectively. For real-time confocal microscopy, the CO 2 chamber was adjusted to 371C, 5% CO 2 and a humidified atmosphere. Images were acquired every 5 min up to 17 h after the onset of treatments.
Evaluation cell viability and apoptosis. For morphological analysis of cells, transmission light microscopy of living HT-22 neurons growing as monolayers was performed using an Axiovert 200 microscope (Carl Zeiss) equipped with a Sony DSC-S75 digital camera (Sony Corporation, Tokyo, Japan) and image analysis was performed with the Axiovision 3.1.0.18 software (Carl Zeiss). Quantification of cell viability in HT-22 cells was performed in 96-well plates by MTT reduction at 0.5 mg/ml for 2 h. 29 Apoptotic cell death was detected by annexin-V/propidium iodide staining (Sigma-Aldrich, Taufkirchen, Germany) and subsequent flow cytometry analysis using a CyanTM MLE flow cytometer (DakoCytomation, Copenhagen, Denmark). Cells were appropriately gated by forward versus side scatter and pulse width, and 1 Â 10 4 gated events per sample were collected. Surviving cells did not show any staining whereas annexin-V staining indicated apoptosis and cells positive for both annexin V and propidium iodide were regarded necrotic.
Analysis of mitochondrial membrane potential. Mitochondrial membrane potential of HT-22 neurons was determined by JC-1 reduction according to the manufacturer's protocol (Mitoprobe, Invitrogen) and analyzed by subsequent flow cytometry or epifluorescence microscopy. Additional controls were treated with CCCP (50 mM) 5 min before staining to induce mitochondrial membrane depolarization.
Gene silencing. AIF siRNA (AAGAGAAACAGAGAAGAGCCA) and nonfunctional control siRNA (mut siRNA, 5 0 -AAGAGAAAAAGCGAAGAGCCA-3 0 ) were purchased at MWG Biotech (Munich, Germany) or AIF and Bid siRNA mixtures were generated using recombinant dicer enzyme as previously described. 8 The Bid cDNA template (409 bp) for T7-RNA polymerase in vitro transcription was generated from mouse mRNA by reverse transcription-PCR (RT-PCR) using the following primers: forward, 5
0 -GCGTAATACGACTCACTATAGGGAGATGGGCTT CTGTCTAAGGAGA-3 0 , and reverse, 5 0 -GCGTAATACGACTCACTATAGGGAGAA GTGAGGCCTTGTCTCTGAA-3. For the generation of AIF cDNA template, the following primers were used: forward, 5
0 -GCGTAATACGACTCACTATAGGGAGAT CCAGGCAACTTGTTCCAGC-3 0 , and reverse, 5 0 -GCGTAATACGACTCACTATAG GGAGACCTCTGCTCCAGCCCTATCG-3 0 . For siRNA transfections, Lipofectamine 2000 (Invitrogen) and AIF siRNA or nonfunctional mut siRNA were dissolved separately in Optimem I (Invitrogen) and the respective transfection mixtures were added to the antibiotic-free cell culture medium to a final concentration of 20 nM siRNA for dicer products and up to 80 nM siRNA for the single siRNA sequences. Controls were treated with 100 ml/ml medium only and vehicle controls with 1.5-2 ml/ml Lipofectamine.
Caspase activity measurements. HT-22 neurons cultivated in six-well plates with a density of 4 Â 10 5 cells/well were lysed in 150 ml lysis buffer (MgCl 2 406.8 mg, EGTA 152 mg, Triton X-100 400 ml, HEPES solution 50 mM 200 ml, Aqua dest. Ad 400 ml). Cell membranes were removed by centrifugation at 15 000 Â g (15 min, 41C) and supernatants (20 ml) were incubated with 90 ml of freshly prepared substrate solution. Fluorescence (excitation 360 nm, emission 465 nm) was measured with a SpectraFluor Plus (SpectraFluorPlus, Tecan, Crailsheim, Germany) multiplate reader. Caspase activity was inhibited by using the potent general caspase inhibitor Z-VAD-FMK (R&D Systems, Wiesbaden, Germany).
RT-PCR. Total RNA was extracted (Nucleospin RNA II kit, Macherey-Nagel, Düren, Germany) and RT-PCR was performed as described. 30 Primers and PCR conditions for AIF, for example Bid, were the same as given before. Primers for GAPDH were as follows: forward, 5 0 -CGTCTTCACCACCATGGAGAAGGC-3 0 , and reverse, 5 0 -AAGGCCATGCCAGTGAGCTTCCC-3 0 . PCR for GAPDH was performed as follows: initial denaturation at 951C for 2 min; amplification by 26 cycles of 30 s at 951C, 1 min at 571C, and 2 min at 701C. The final extension was performed at 701C for 10 min. RT-PCR products were visualized under UV illumination after electrophoresis on a 1.5% agarose gel containing ethidium bromide.
Protein extracts and immunoblots. For western blot analysis, HT-22 neurons were lysed with 50-150 ml 1 : 5 diluted cell lysis reagent 5 Â (Promega, Mannheim, Germany), supplemented with 1 tablet per 10 ml Complete Mini Protease Inhibitor Cocktail (Roche, Mannheim, Germany). After centrifugation at 15 000 Â g for 15 min at 41C, the supernatants were stored at À801C until further use. Nuclear extracts were separated from cytosolic fractions using the nuclear extract kit according to the manufacturer's instructions (Active Motif, Rixensart, Belgium). Protein amounts were determined with the Pierce BCA kit (Perbio Science, Bonn, Germany).
Western blot analysis was performed as previously described. 7 Briefly, the blot was probed with an anti-AIF goat polyclonal antibody (sc-9416, 1 : 1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-Bid monoclonal antibody (611867, 1 : 500, BD Biosciences Pharmingen, Heidelberg, Germany) at 41C overnight. Membranes were then exposed to the appropriate HRP-conjugated rabbit anti-goat or horse anti-mouse secondary antibody (1 : 5000, Vector Laboratories, Burlingame, CA, USA) followed by a chemiluminescence detection of antibody binding (Spray & Glow, Millipore, Schwalbach, Germany). Equal protein loading was controlled by re-probing the membrane with a monoclonal anti-a-tubulin antibody (T9026, 1 : 20 000, Sigma) or an anti-NeuN antibody (mouse monoclonal, 1 : 100, MAB377, Chemicon/Millipore, Billerica, MA, USA). Scion Image for Windows software (Scion Corporation, USA) was used for quantification of western blot signals.
Statistical analysis. All data are given as means±S.D. For statistical comparisons between two groups, Student's t-test was used; multiple comparisons were performed by ANOVA followed by Scheffé's post hoc test. Calculations were performed with the Winstat standard statistical software package.
